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Abstract
Cilia are mechanosensing organelles that communicate extracellular signals into intracellular
responses. Altered functions of primary cilia play a key role in the development of various
diseases including polycystic kidney disease. Here, we show that endothelial cells from the oak
ridge polycystic kidney (Tg737orpk/orpk) mouse, with impaired cilia assembly, exhibit a reduction
in the actin stress fibers and focal adhesions compared to wild type. In contrast, endothelial cells
from polycystin-1 deficient mice (pkd1null/null), with impaired cilia function, display robust stress
fibers and focal adhesion assembly. We found that the Tg737orpk/orpk cells exhibit impaired
directional migration and endothelial cell monolayer permeability compared to the wild type and
pkd1null/null cells. Finally, we found that the expression of heat shock protein 27 (hsp27) and the
phosphorylation of FAK are down regulated in the Tg737orpk/orpk cells and overexpression of
hsp27 restored both FAK phosphorylation and cell migration. Taken together, these results
demonstrate that disruption of the primary cilia structure or function compromises the
endothelium through the suppression of hsp27 dependent actin organization and focal adhesion
formation, which may contribute to the vascular dysfunction in ciliopathies.
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Introduction
Primary cilia are microtubule-based organelles that play a critical role in embryonic
development and differentiation (Berbari et al., 2009). Their dysfunction has been associated
with numerous disease states termed ciliopathies, which includes Polycystic Kidney Disease
(PKD) (Kolb and Nauli, 2008; Nauli et al., 2003; Nauli et al., 2008). PKD itself is a unique
ciliopathy as it can develop due to either change in the ciliary structure (deletion of
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intraflagellar transport proteins Tg737 or kif3) or in its signaling function (deletions of
polycystin1 or 2), both of which can contribute to the disease development and result in the
proliferation of renal epithelial cells and cyst formation in the kidney (Murcia et al., 1999).
Physiologically, it has been shown that epithelial cells from Tg737orpk/orpk and pkd1null/null
mouse models of PKD failed to induce calcium influx in response to flow mediated shear
stress (Nauli et al., 2003; Nauli et al., 2006).
Although, dysfunction in the cilia have a major impact on kidney epithelial cells (Nauli et
al., 2006; Siroky et al., 2006; Torres and Harris, 2006), PKD patients tend to present with
cardiovascular complications such as hypertension approximately ten years prior to clinical
manifestation of renal impairment (Ecder and Schrier, 2001; Kelleher et al., 2004).
Moreover, these patients also exhibit endothelial dysfunctions not observed in normal
patients suggesting that the cardiovascular complications seen in PKD (Kocaman et al.,
2004; Turgut et al., 2007; Wang et al., 2000) may be mediated through alterations in
endothelial cell function.
Primary cilia sense and respond to both chemical and mechanical signals. For example, they
can coordinate platelet derived growth factor (PDGF)-induced cell migration in fibroblasts
(Schneider et al., 2010). Cilia have also been implicated in transducing the mechanical
signals induced by fluid shear stress in cholangiocytes (Masyuk et al., 2006), MDCK cells
(Praetorius and Spring, 2001; Praetorius and Spring, 2003) and in pkd null kidney epithelial
cells (Nauli et al., 2003; Nauli et al., 2006). Interestingly, primary cilia have the ability to
sensitize the endothelial cells to fluid shear stress (Hierck et al., 2008). In fact, endothelial
cilia were found in areas of disturbed flow and at the base of atherosclerotic lesions (Van der
Heiden et al., 2008). Moreover, endothelial cells from Tg737orpk/orpk and pkd1null/null PKD
mouse models failed to induce calcium influx in response to shear with a reduction in nitric
oxide production (AbouAlaiwi et al., 2009; Nauli et al., 2008). These findings suggest that
fluid shear induced bending of the primary cilia can transduce mechanical signals through
the basal body and into the cell via interactions with the microtubules and actin cytoskeleton
(Berbari et al., 2009). Although, this macro mechanosensing ability of cilia has been
demonstrated for shear stress, research by Donnelly et.al. has also demonstrated that local
micro mechanical cues from the extracellular matrix (ECM) can also influence ciliary
function (Donnelly et al., 2010). The actin cytoskeleton is a critical mediator of
mechanotransduction, since it can transfer contractile forces on to the ECM and also convey
the mechanical forces applied to the ECM in to the cell (Ingber, 2006). Importantly, the
mechanotransduction ability of the cilia to trigger calcium influx is governed and regulated
by the actin cytoskeleton and intact adhesions to the ECM (Alenghat et al., 2004). However,
there are currently no reports of alterations in primary cilia structure or function influencing
the organization of the actin cytoskeleton or focal adhesion formation. In this study we
addressed the role of primary cilia in actin cytoskeleton and focal adhesion assembly by
using endothelial cells from the primary cilia deficient Tg737orpk/orpk and the primary cilia
dysfunctional pkd1null/null mice (Murcia et al., 2000; Taulman et al., 2001). Our results
present the primary cilia as a regulator of endothelial actin organization, focal adhesion
formation, as well as directional migration and cell permeability in part through the
modulation of hsp27 expression and signaling.
Experimental Procedures
Cell culture
Aortic endothelial cells isolated from Tg737orpk/orpk and pkd1null/null mice along with their
wild type (WT) heterozygous controls were used in this study (Nauli et al., 2008). Cells
were maintained in high glucose Dulbecco's Modification of Eagle’s Medium (DMEM)
supplemented with 2% fetal bovine serum (FBS) and 5% Penicillin/Streptomycin (complete
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medium) as described previously (Nauli et al., 2008). These cells were previously
characterized as bonafide endothelial cells by using different endothelial markers and
functional signaling such as calcium and NO in response to stress (Nauli et al., 2008).
Transfection
Tg737orpk/orpk cells were transfected with a plasmid containing mouse hsp-27- GFP
(Origene) or GFP alone using Effectene transfection reagent (Qiagen).
Immunofluorescence staining and microscopy
Cells were grown on glass coverslips (#1, Fisherbrand) or MatTek dishes, rinsed with
phosphate-buffered saline (PBS) and fixed for 20 min at room temperature in PBS
containing 4% paraformaldehyde. Following fixation, cells were rinsed and permeabilized
with PBS containing 0.25% Triton-X100. Permeabilized cells were again rinsed and blocked
with normal serum for 20 min and then incubated at room temperature for 1 hour with the
primary antibodies. Focal adhesions were stained with vinculin monoclonal antibody
(Sigma) and cilia were stained with acetylated alpha tubulin (Sigma). Focal adhesion kinase
phosphorylation was assessed by using a phoshospecific antibody against FAK-Tyr 397
(Cell Signaling). The cells were then washed with PBS and incubated with Alexa Fluor-
conjugated secondary antibodies and with Alexa Fluor-594 conjugated phalloidin
(Invitrogen) to stain actin stress fibers. After the incubation, cells were washed with PBS
and mounted on glass slides using fluoromount. Images were obtained using a Olympus
Confocal microscope using 60 X objective. Images were processed using Image J (NIH)
software.
Cell migration/Scratch-wound assay
Cells were plated onto 6 well cell culture plates and cultured to a confluent monolayer. The
monolayer was wounded using a 200uL pipette tip making scratch in the middle of the well.
The cells were then washed with growth media and random areas were marked with pen and
images were taken before and after 20–24 h of wounding using an Olympus microscope
equipped with a CCD camera. Qcapture Pro software was used to measure the area of the
wound.
SDS-PAGE and Western blot analysis
Cells were lysed in RIPA buffer (50mM Tris-HCl at pH 7.4, 150mM sodium chloride, 1%
NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate (SDS) with protease and
phosphates inhibitor cocktail (Boston Bioproducts). Proteins were resolved by
electrophoresis on 4–20% gradient SDS- polyacrylamide gels (Laemmli, 1970) followed by
transfer to Immobilon ® polyvinylidene difluoride membrane. Immunoblotting was
performed with primary antibodies as follows: Anti-hsp27 (Stressgen), Anti-hsp90
(Stressgen) and Anti-α-tubulin (Abcam). The ECL method was used with anti-rabbit or
mouse IgG-conjugated horseradish peroxidase (Pierce West Pico) 1:20,000 and developed
with Kodak XAR film. Results were quantified using ImageJ software (Rasband, 1997–
2007).
Cell permeability measurements
To determine endothelial permeability, cells were seeded (40000 cells/well) in Falcon HTS
FluoroBlokTM 1.0 mm inserts (Becton Dickinson, Bedford, MA), and cultured to a
confluent monolayer. After 24 h starvation, the upper chamber was replaced with 0.2 ml of
Phenol Red-free medium containing the fluorescent Alexafluor-488-dextran (3 kDa,
Invitrogen/Molecular Probes, Eugene, OR)(8ug/ul) with or without thrombin (1U/ml;
Sigma). The lower chamber was filled with 0.7 ml of Phenol Red-free medium without
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Alexafluor-488-dextran. The fluorescence intensity in the lower chamber was read every
min. using a Synergy 4 plate reader (BioTek) (Ex 485 nm and Em 528).
Data analysis
All the data shown is mean ± SEM from at least three independent experiments. Data was
analyzed using student t-test and significance was set at p < 0.05.
Results
Primary Cilia deficient Tg737orpk/orpk endothelial cells exhibit reduced stress fibers and
focal adhesions
Given that the actin cytoskeleton is required for mechanotransdcution by cilia (Alenghat et
al., 2004), and deficits in cilia structure or function interfere with mechanotransduction
(Nauli et al., 2008; Nauli and Zhou, 2004), we investigated if impaired cilia structure or
function can alter the actin organization and focal adhesions. This was achieved using
endothelial cells from the primary cilia deficient Tg737orpk/orpk and the primary cilia
dysfunctional pkd1null/null mice (Murcia et al., 2000; Taulman et al., 2001). Initially, we
confirmed an endothelial cell phenotype by immunostaining for VE-Cadherin and found that
all the three cell lines used in this study express VE Cadherin at the plasma membrane
(Fig.S1). Next, primary cilia expression was assessed by immunostaining with acetylated-
alpha-tubulin antibody. Primary cilia were present in the wild type and pkd1null/null
endothelial cells and were absent in Tg737orpk/orpk cells (Fig.S2). We then evaluated the
assembly of actin stress fiber and focal adhesions using Alexa Fluor-594 phalloidin and
vinculin staining, respectively. As shown in Fig.1, wild type cells formed stress fibers with
distinct focal adhesions found throughout the cytoplasm and at the periphery. In contrast,
Tg737orpk/orpk cells formed a limited stress fiber network with much smaller peripheral focal
adhesions. However, the cilia dysfunctional pkd1null/null cells demonstrated a robust stress
fiber formation with clear focal adhesions, mostly at the periphery of the cell. Quantitative
analysis revealed that more than 90% of the Tg737orpk/orpk cells had weaker stress fiber
formation and smaller peripheral focal adhesions compared to wild type and pkd1null/null
cells (Fig.S3 and Fig.1). Overall, we found that the number and size of assembled focal
adhesions was increased in the pkd1null/null cells compared to wild type and Tg737orpk/orpk
cells (Fig.S3).
Directional migration is impaired in endothelial cells lacking primary cilia
Cell migration is dependent on dynamic actin remodeling and focal adhesion formation
(Gardel et al., 2010). Therefore, we investigated if alterations in the actin cytoskeleton and
focal adhesion assembly, induced by impaired primary cilia structure or function, could
influence cell migration in a scratch-wound assay. Cells were grown to confluence and
directional cell migration was measured by making a scratch-wound. Images were acquired
from defined areas demarcated at the start of the experiment. Wild type cells were observed
to migrate as an intact monolayer, while Tg737orpk/orpk cells appeared to detach from the
monolayer and migrated randomly (Fig.2A). Quantification of the migration (% wound
closure) revealed no statistically significant difference between cell types (Fig.2C), though
both Tg737orpk/orpk and pkd1null/null cells appeared to migrate faster than the wild type cells.
Interestingly, at complete wound closure, we found that the wild type wound closed by
orienting its cells in the direction of migration, while Tg737orpk/orpk cells oriented
perpendicular to the direction of migration (Fig.2B). On the other hand, the pkd1null/null cells
orientated randomly at the edge of the wound closure. These findings suggest that the
absence of cilia impairs the directionality of endothelial cell migration.
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Tg737orpk/orpk endothelial cells exhibit high cell permeability compared to wild type and
pkd1null/null cells
To determine if altered primary cilia structure or function could influence cell permeability,
we assayed the basal permeability of Tg737orpk/orpk, pkd1null/null and wild type cells.
Permeability was determined by the diffusion of 3000 MW dextran Alexa Fluor-488 through
fluroblock transwell inserts. We found that Tg737orpk/orpk endothelial permeability to the
dextran was significantly higher compared to the wild type endothelial cells (Fig.3).
Interestingly, treatment with the vasoactive agonist thrombin had little effect on
Tg737orpk/orpk and pkd1null/null cells but significantly increased cell permeability in WT
cells (Fig.3).
Absence of primary cilia suppresses heat shock protein 27 expression
To identify a molecular mechanism responsible for the observed cytoskeletal changes and
increased permeability in these cells, we focused our attention on the small heat-shock
protein 27 (hsp27). Hsp27 has been previously shown to regulate endothelial cell
permeability by altering the actin cytoskeleton and focal adhesion assembly (Liu et al.,
2009). Western blot analysis showed a suppression of hsp27 protein expression by almost
90% in Tg737orpk/orpk cells compared to wild type and pkd1null/null cells (Fig. 4A, B).
However, the expression of another heat shock protein, Hsp90 was unchanged (Fig. 4C, D)
demonstrating the specific down regulation of hsp-27 expression.
FAK phosphorylation is inhibited in Tg737orpk/orpk cells
To further explore the signaling of hsp27 in these cells we measured the phosphorylation of
focal adhesion kinase (FAK), a down-stream mediator of hsp27 dependent modulation of
actin cytoskeleton dynamics (Lee et al., 2008). To investigate this, endothelial cells cultured
on cover glasses were fixed and stained with a phospho-specific antibody against FAK-
tyr397. Tyrosine 397 phosphorylation of FAK is an indirect indicator of activation (Lee et
al., 2008) and is known to be regulated by hsp-27 (Lee et al., 2008). Immunofluorescence
analysis revealed a robust staining of the focal adhesions and stress fibers in both wild type
and pkd1null/null cells (Fig.5) indicating that FAK was activated and colocalized with the
stress fibers. However, phospho-FAK staining was significantly reduced in Tg737orpk/orpk
cells and presented as a punctuate pattern throughout the cell with some co-localization to
peripheral focal adhesions (Fig.5). Finally, we asked if overexpression of hsp27 would
rescue focal adhesion formation and FAK phosphorylation. To achieve this, we transfected
the Tg737orpk/orpk cells with an hsp27-GFP construct and evaluated its effects on FAK
phosphorylation, focal adhesions, and directed migration. As shown in Fig.5B, we found
that overexpression of hsp27-GFP in Tg737orpk/orpk cells increased FAK phosphorylation
(Fig.5B) as well as focal adhesion formation (not shown) and decreased cell migration (Fig.
5C) compared to transfection with GFP alone. These findings support that hsp27 is an
important modulator of primary cilia-dependent EC cytoskeletal remodeling.
Discussion
In the present study, we show that the absence of primary cilia alters actin cytoskeleton
organization through the reduction of stress fibers and focal adhesions with a concomitant
impairment of directional migration and endothelial barrier integrity. Further, we provide the
first evidence, that the primary cilium modulates hsp27 signaling pathway(s) through the
regulation of its expression. Primary cilia themselves are predominantly known for their
mechanosensing of fluid shear inducing calcium influx; however, in this study we show for
the first time a direct role for primary cilia in the regulation of the actin cytoskeleton and
focal adhesion assembly.
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Although, primary cilia currently appear to mediate most of their cellular effects through the
hedge hog signaling pathways (Satir et al., 2010), the mechanotransduction pathways
activated downstream of primary cilia are not well understood. Primary cilia not only have
the ability to sense and respond to shear but can also sense mechanical cues from the ECM.
This response is evident in the preferential orientation of primary cilia in the direction of the
collagen fibers (Donnelly et al., 2010) and the triggering of calcium influx by contact with
fibronectin (Praetorius et al., 2004). In general, endothelial cells sense the mechanical forces
applied to the ECM through integrin receptors (Alenghat and Ingber, 2002; Ingber, 2006;
Katsumi et al., 2004). These receptors transduce extracellular mechanical signals in to
biochemical responses through its intracellular interactions with the actin cytoskeleton
forming a continous signaling path (Alenghat and Ingber, 2002). Similar to integrins,
primary cilia also transduce mechanical signals into the cell through its interactions with the
actin cytoskeleton (Berbari et al., 2009). Moreover, the mechanotransduction ability of
ciliary appears to be governed by the actin cytokeleton (Alenghat et al., 2004). Our results
show that primary cilia can regulate the organization of actin cytoskeleton and focal
adhesion in part, through the modulation of hsp27 expression. Hsp27 was previously shown
to regulate actin cytoskeleton reorganization and contractility by modulating FAK activity
(Lee et al., 2008). In agreement with the hsp27 effects on FAK, we found that cells lacking
cilia exhibited poor focal adhesion assembly and stress fiber formation as well as reduced
FAK tyr397 phosphorylation (Lee et al., 2008). To accomplish cell migration, cells require
the dynamic ability of actin cytoskeleton remodeling and focal adhesion assembly (Gardel et
al., 2010) as well as the capability to orientate the cilia in the direction of migration
(Christensen et al., 2008; Schneider et al., 2010; Schneider et al., 2009). We found that wild
type cells, following scratch wounding, migrated in a uniform direction (perpendicular to the
wound) with the cilia in the leading edge of cells oriented in the direction of cell migration
(Fig.S4 and Fig.2). In contrast, Tg737orpk/orpk cells deficient in primary cilia structure or
pkd1null/null cells with impaired cilia function migrated randomly. Specifically,
Tg737orpk/orpk cells oriented parallel to the scratch at complete wound closure (Fig2 B). The
pkd1null/null cells, on the other hand, oriented themselves randomly at complete wound
closure with the cilia in the leading edge exhibiting a random orientation (not shown).
Primary cilia themselves have been implicated in directional cell migration in response to
the soluble mediator PDGF (Schneider et al., 2010). Here, for the first time, we show that
cilia are required for the directional cell migration of endothelial cells. Further, we show that
cilia dependent organization of the actin cytoskeleton is critical for endothelial cell barrier
integrity. This was evident in the Tg737orpk/orpk cells lacking primary cilia, which exhibited
the highest cell membrane permeability (lowest integrity) correlating with impaired actin
organization and focal adhesion assembly. Importantly, consistent with the alterations in the
actin cytoskeletal organization, treatment with thrombin had little effect on Tg737orpk/orpk
and pkd1null/null cells but significantly increased cell permeability in WT cells. Since the
actin cytoskeleton and hsp27 are important regulators of endothelial cell barrier integrity
(Liu et al., 2009), it is conceivable that the effect of primary cilia is mediated through hsp27-
dependent modulation of the actin cytoskeleton. Indeed, we found that the overexpression of
hsp27 increased FAK phosphorylation and focal adhesion formation while reducing
migration in Tg737orpk/orpk cells.
In summary, this study shows that deficits in primary cilia structure or function result in
alterations in the endothelial actin cytoskeleton and focal adhesion assembly leading to
impaired directional migration and cell permeability. These findings have significant
implications in unraveling novel mechanisms underlining endothelial dysfunction in PKD.
Alterations in the endothelial cell cytoskeleton caused by changes to primary cilia structure
or function could trigger endothelial dysfunction (i.e. orientation in response to flow and
alteration in permeability) by participating in and contributing to the early occurrence of a
hypertension state in the progression of PKD.
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Figure 1. Impairement in primary cilia structure and function alters stress fiber formation and
focal adhesion assembly in endothelial cells
Confocal fluorescence images of wild type, Tg737orpk/orpk, and pkd1null/null endothelial cells
immunostained for focal adhesions (vinculin = green) and actin stress fibers (phalloidin =
red). Colocalization of stress fibers and focal adhesions (yellow) is shown in the merged
image. (Inset: enlarged images). Images shown are representative of at least three
independent experiments.
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Figure 2. Directional migration is impaired in primary cilia deficient Tg737orpk/orpk endothelial
cells
A) Photmicrographs of endothelial cells at 0 and 24 hours after wounding. The dashed line
denotes the wound edge. B) Images of endothelial cells showing the orientation at the
wound closure. Note: Wild type endothelial cells migrated and closed the wound by
orienting perpendicular to the direction of the wound where as Tg737orpk/orpk cells oriented
abnormally (parallel) to the wound. C) Quantitative analysis of the wound closure presented
as % migration. The results shown are mean ± SEM from 3 independent experiments.
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Figure 3. Absence of primary cilia increases endothelial monolayer permeability
Serum starved confluent monolayers of wild type (WT), Tg737 (Tg737orpk/orpk) and pkd1
null (pkd1null/null) endothelial cells in 24 well fluoroblock tranwell plates (BD Biosciences)
were incubated with 1ug/ml Alexa Fluor-488- dextran (3 kDa). The transfer of dextran into
the bottom chamber was measured overtime in the presence or absence of thrombin (1U/
ml). The graph represents the maximal change (at 11 min) in the fluorescence. The results
shown are mean ± SEM from 3–4 independent experiments.
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Figure 4. Loss of primary cilia suppresses heat shock protein 27 expression
Representative Western blots showing expression of hsp27 (A) and hsp90 (C) in wild type
(WT), Tg737 (Tg737orpk/orpk) and pkd1 null (pkd1null/null) endothelial cells. Quantitative
analysis of the relative expression of hsp27 (B) and hsp90 (D), normalized to tubulin. The
results shown are mean ± SEM from 3 independent experiments.
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Figure 5. FAK phosphorylation is reduced in Tg737orpk/orpk cells
A) Confoncal fluorescence images of endothelial cells immunostained for phospho-FAK
(green) and actin stress fibers (red). Colocalization of stress fibers with p-FAK (yellow) is
shown in the merged images. Images shown are representative from three independent
experiments. Fluorescent images showing an increase in FAK phosphorylation (B) in
Tg737orpk/orpk cells transfected with hsp27-GFP compared to GFP alone. C) Quantitative
analysis of the wound closure presented as % migration.
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